It is often desirable to sequester cells in specific locations on the surface and to integrate sensing elements next to the cells. In the present study, surfaces were fabricated so as to position cytokine sensing domains inside non-fouling poly(ethylene glycol) (PEG) hydrogel microwells. Our aim was to increase sensitivity of micropatterned cytokine immunoassays through covalent attachment of biorecognition molecules. To achieve this, glass substrates were functionalized with a binary mixture of acrylate-and thiol-terminated methoxysilanes. During subsequent hydrogel photopatterning steps, acrylate moieties served to anchor hydrogel microwells to glass substrates. Importantly, glass attachment sites within the microwells contained thiol groups that could be activated with a hetero-bifunctional cross-linker for covalent immobilization of proteins. After incubation with fluorescently-labeled avidin, microwells fabricated on a mixed acryl/thiol silane layer emitted w 6 times more fluorescence compared to microwells fabricated on an acryl silane alone. This result highlighted the advantages of covalent attachment of avidin inside the microwells. To create cytokine immunoassays, micropatterned surfaces were incubated with biotinylated IFN-g or TNF-a antibodies (Abs). Micropatterned immunoassays prepared in this manner were sensitive down to 1 ng/ml or 60 pM IFN-g. To further prove utility of this biointerface design, macrophages were seeded into 30 mm diameter microwells fabricated on either bifunctional (acryl/thiol) or mono-functional silane layers. Both types of microwells were coated with avidin and biotin-anti-TNF-a prior to cell seeding. Short mitogenic activation followed by immunostaining for TNF-a revealed that microwells created on bi-functional silane layer had 3 times higher signal due to macrophage-secreted TNF-a compared to microwells fabricated on mono-functional silane. The rational design of cytokine-sensing surfaces described here, will be leveraged in the future for rapid detection of multiple cytokines secreted by individual immune cells.
Introduction
Cytokines are proteins secreted by mammalian cells in the process of endocrine communication. These proteins may be released in response to injury, causing inflammation or cell death, [1, 2] , or on the contrary, protecting against tissue injury [3] . Cytokine production in leukocytes is an important means of monitoring immune competency or disease progression in patients. For example, detection of inflammatory cytokines such as IFN-g is used for diagnosing latent form of tuberculosis [4] . In an attempt to get more detailed and nuanced understanding of the roles played by leukocyte subsets in the immune response, immunologists are becoming increasingly interested in connecting cytokine secretion profiles to specific leukocyte subsets and to specific single cells [5e9] . This goal is complicated by the fact that certain cytokines like TNF-a and IFN-g may be secreted by multiple leukocyte subsets. Therefore, standard immunoassays of blood serum are insufficient to discern which leukocyte subsets secreted cytokines in question.
The main immunology tools used for cytokine profiling are flow cytometry and enzyme-linked immunospot (ELISpot) assays [10e12] . These technologies are robust and have been adapted by the immunology community; however, there is a need to develop new tools that are less expensive and more suited for detecting cytokine release from live cells. Microfabrication and micropatterning approaches are particularly well-suited for tackling the challenge of connecting specific cells with specific secreted signals [13, 14] . Several groups have been developing microdevices [15e18], micropatterned surfaces [19e21] and microarrays [22e25] for leukocyte analysis. Previously, our group described the use of microarrays for capturing groups of T-cells on anti-CD4 or anti-CD8 T-cells spots (150 cells per spot) and detecting secreted cytokines on adjacent anti-cytokine antibody spots [25] . More recently, we demonstrated patterning hydrogel microwells on top of a mixed layer of anti-cell/anti-cytokine Abs to enable capturing individual CD4 T-cells from human blood and detecting IFN-g secreted by single cells [21] . However, in these past studies, Ab molecules were immobilized by physical adsorption on the glass attachment sites inside the microwells. We therefore hypothesized that orienting Ab molecules inside the microwell will improve sensitivity of micropatterned cytokine-sensing surfaces.
Surfaces functionalized with NH 2 , SH, COOH, NHS ester or epoxide end groups are commonly used for covalent immobilization of proteins. Avidin-biotin and protein A-Ab interactions provide additional routes for oriented attachment of Ab molecules [26] . Because we are interested in using micropatterned surfaces for capturing single cells and detecting cytokines or other proteins released by the cells, our desired surface needed to have a periodic pattern of non-fouling regions and cell/cytokine adhesive domains. Micropatterning strategies described in the literature include microcontact printing, photoresist lithography and direct write/ spot approaches [27e30]. Another strategy, used extensively in our previous studies, is poly(ethylene glycol) (PEG) photolithography whereby PEG prepolymer is photopatterned to create hydrogel microwells that are used to confine attachment of cells or proteins to certain regions of the glass substrate surface [31, 32] . This is a simple micropatterning strategy and can be used to populate large surface area with microwells for cell analysis [20, 32] .
Attachment of hydrogel microstructures to glass or other oxide containing surfaces is typically promoted using an acrylated silane coupling agent [20, 32] Moving beyond simple mono-functional silane layers, we wanted to design a coupling layer that would not only anchor hydrogel microstructures but could also be used for oriented attachment of cytokine-specific Ab molecules. Several strategies for creating multi-functional silane layers have been proposed. For example, Stenger and Dulcey developed an approach of laser desorption/patterning of silane molecules and backfilling with another silane type to create periodic bi-functional silane surfaces [33] . We favored a simpler approach of defining composition of functional groups on the surface by random co-assembly of two different silanes [34e36]. This method was recently employed by Lee et al. to modify glass substrates with a silane layer comprised of ally-and amine-terminated silanes for covalent attachment of both hydrogel structures and avidin molecules [37] . In this paper, coassembly of acrylate-and thiol-terminated silanes was used to create a bi-functional layer suitable for anchoring hydrogel microstructures and for oriented attachment of antibodies. These micropatterned surfaces were employed in construction of immunoassays for detection of exogenous and endogenous (cellsecreted) cytokines.
Materials and methods

Materials
Glass slides (75 Â 25 mm 2 ) were obtained from VWR (West Chester, PA). 
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1. Modify surface in a mixture of acrylateand thiol-terminated silanes.
2.
Spin coat PEG-DA and expose to UV light through photomask.
3.
Immerse in water to develop microwell arrays.
4.
Close-up view of a mixed silanelayer inside a hydrogel microwell.
1.
Functionalization of the mixed silane with maleimide-PEG-NHS and neutravidin. 
Attachment of biotinylated
Silane modification of glass substrates
Prior to silanization, glass slides were cleaned by immersion in piranha solution consisting of 3 parts of 95% (v/v) sulfuric acid and 1 part of 35% (w/v) hydrogen peroxide for 10 min. Subsequently, glass slides were thoroughly rinsed with deionized (DI) water, dried under nitrogen and stored in class 10000 cleanroom. Immediately prior to silanization, glass substrates were treated in an oxygen plasma chamber (YES-R3, San Jose, CA) at 300 W for 5 min. Then the substrates were immersed for 12 h in a binary mixture of (3-acryloxypropyl) trimethoxysilane and 3-mercaptopropyl trimethoxysilane diluted to 0.1% v/v in anhydrous toluene. 1:1 M Fig. 2 . ToF-SIMS analysis of silane modification and avidin immobilization on glass substrates. (A) Schematic representation of surface bombardment with C 60 projectiles. Impact of each projectile creates a crater 5e10 nm in diameter and sends ions from this volume into the SIMS instrument. Ions emitted from each impact are accounted for and provide important information about spatial co-existence of chemical species. (B) Comparison of negative ion mass spectra of glass substrates modified with acrylated silane (up) vs. a bifunctional thiol/acrylated silane (bottom). This analysis reveals the presence of both acryl and thiol functional groups in the mixed silane assembled on glass. (C-D) The negative ion mass spectra collected from glass substrates after attachment of linker (up) and streptavidin (bottom). These spectra demonstrate presence of masses assigned to peptide bonds as well as to amino acids present in streptavidin.
ratio of the two silanes was used. Silanization was conducted in a glove bag filled with nitrogen to minimize atmospheric moisture. After incubation, slides were rinsed with fresh toluene, dried under nitrogen and baked at 100 C for 1 h. The silane-modified glass slides were stored in a desiccator before further use.
Characterizing bi-functional silane layer by TOF-SIMS and AFM
Secondary ion mass spectrometry (SIMS) equipped with time of flight (ToF) spectrometer was used to examine surfaces at different steps in the modification procedure. A custom-built ToF-SIMS using primary C 60 þ of 26 keV total impact energy generates negative secondary ion emissions from the topmost layers of a negatively biased target. A feature technique is to run the ToF-SIMS in the event-by event bombardment/detection mode [38] . It has been previously determined that the secondary ions are emitted from a hemispheric volume of w5e10 nm in diameter under a single projectile impact [39] . Each single impact was detected and recorded as an individual event by a micro-channel plate (MCP) detector assembled with eight metal anodes. An accumulation of several million events comprised a conventional secondary ion mass spectrum. The event-by-event bombardment/ detection approach allows us to unfold the co-emitted multiple secondary ions and extract a coincidental ion mass spectrum of co-located molecules within a nanometric impact/emission volume [40] Immobilization of avidin inside the microwells was also characterized topographically using AFM (MFP-3D, Asylum Research Corp.) operated in tapping mode at a scan rate of 0.5 Hz.
Fabrication of hydrogel microwells
Photolithographic patterning of PEG hydrogel was conducted as previously described [32] . Briefly, a prepolymer solution containing PEG-DA and photoinitiator was spin-coated onto silanized substrates using Spintech S-100 (Redding, CA) operated at 800 rpm for 4 s. This prepolymer solution was then exposed to UV light (60 mWcm À2 ) through a chrome/sodalime photomask for 0.5 s using UV OmniCure series 1000 light source (EXPO, Mississauga, Ontario, Canada). PEG-DA surface exposed to UV became cross-linked while unexposed PEG regions were easily dissolved in DI water. This process resulted in the formation of 30 mm diameter microwells with PEG hydrogel walls and glass bottom.
Attachment of Ab molecules on micropatterned surfaces
Micropatterned surfaces fabricated on acrylate/thiol silane layer were incubated for 2 h in 500 mM MAL-PEG2eNHS dissolved 1:1 mixture of DMSO and 1 Â PBS (see Fig. 1B ). To analyze immobilization of avidin, microwells created on mono-functional (acrylated silane only) and bi-functional silane layers were incubated with streptavidin-Alexa 546 and imaged using Agilent microarray scanner. GenePix Pro 6.0 software (Molecular Devices, Downingtown, PA) was used for quantification of fluorescent intensity. For cytokine capture and detection experiments, microwell arrays were incubated in 1 mg/mL of neutravidin for 1 h, followed by incubation with 5 mg/mL of biotinylated IFN-g or TNF-a Ab. These surfaces were then challenged with recombinant IFN-g of varying concentrations (from 1 ng/ml to 10 mg/ml). The presence of cytokine molecules on micropatterned surfaces was determined by attaching biotinylated anti-cytokine Abs followed by streptavidin-Alexa 546 (in 1 Â PBS with 1% BSA). The fluorescence in the microwells was imaged using a confocal microscope (Zeiss LSM 5 Pa, Carl Zeiss, Inc., Thornwood, NY) and was analyzed with GenePix Pro 6.0 data analysis software (Molecular Devices, Downingtown, PA) to construct calibration curves of cytokine concentration vs. fluorescence intensity.
Detection of TNF-a release from micropatterned immune cells
Mouse macrophage cells (J774A) were cultured at 37 C with 5% CO 2 in phenol red-free Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). These cells were grown in suspension culture in 50 mL bioreactor tubes (Techno Plastic Products) on a rolling apparatus (Stovall). The cells were passaged two times a week by centrifuging and re-suspending in fresh culture media.
Glass pieces (w 1 Â 1 in) with microwell arrays were outfitted with PDMS microfluidic channels. Design and fabrication of the microfluidic devices have been provided in detail in our previous publications [21, 41] . Prior to cell seeding, 1 mL cell suspension was concentrated by centrifugation and was re-suspended in DMEM at w15 million cells/mL concentration. Cell suspension was infused into the microfluidic channels and incubated for 30 min with microwells that were functionalized with TNF-a Abs as described in the previous section. Macrophages are known to attach to Fc components of Abs and became adherent inside 30 mm diameter microwells. Non-adherent cells were washed away. To induce cytokine release, macrophages were mitogenically stimulated for 3 h by 100 mg/mL PMA in DMEM. During cytokine release flow was stopped to minimize convection. After removal of PMA solution, cellular micropatterns were incubated with biotin-anti-TNF-a for 30 min followed by avidin-Alexa546 (red color). Subsequently, cells were fixed with 4% PFA for 15 min and stained with DAPI for 5 min to visualize cell nuclei. Between each step, the sample was washed with 1ÂPBS for 5 min to remove the previous reagent. All steps described above were performed inside a microfluidic device.
Results and discussion
The goal of this study was to develop hydrogel microwell arrays for sensitive cytokine detection. The novelty of this paper lies in creating a bi-functional thiol/acrylate silane layer on glass, with acrylate groups promoting hydrogel attachment and thiol groups used for oriented binding of anti-cytokine Abs inside the microwells. This micropatterning strategy allowed to significantly enhance sensitivity of cytokine detection inside the microwells.
3.1. Characterization of surface properties using ToF-SIMS and AFM Fig. 1 details our surface modification strategy involving silanization of glass substrates and micropatterning of hydrogel PEG microwells. As demonstrated in this schema, the goal was to create a mixed silane layer containing acrylate moieties for hydrogel anchoring and thiol groups for attachment of avidin/biotin-Ab constructs. Throughout this study, we will be comparing the sensitivity of cytokine immunoassays created on mixed silane layers to surfaces modified with mono-functional acrylated silane where avidin was physically adsorbed onto the surface.
We first wanted to verify that incubation of glass substrates with solution containing acrylate-and thiol-terminated trimethoxysilanes resulted in deposition of both types of molecules. ToF-SIMS provides an excellent means for characterizing chemical composition of surfaces and is increasingly being used for analysis of biointerfaces and micropatterned surfaces [40, 42, 43] . Cartoon in Fig. 2A shows the principle of ToF-SIMS surface analysis employed here to verify co-existence of acrylate and thiol groups on glass substrates. In brief, our surfaces were analyzed by 26 keV C 60 þ ToF-SIMS running in the event-by-event bombardment-detection mode. C 60 projectiles have previously been shown by us to produce upon impact hemispherical craters 5e10 nm in depth [39] . Using event-by-event bombardment-detection mode, we could then analyze ions co-emitted from the same impact and could determine co-existence of acrylate and thiol groups. Fig. 2B shows both functional groups being present on the glass surface after silanization. Comparison of glass slides coated with acrylated silane (upper panel Fig. 2B ) to glass slides modified with bi-functional silane layer (lower panel Fig. 2B) ) originating from acrylated silane molecules were found on glass substrates modified with both acrylated and mixed silanes.
The event-by-event technique allows to compute the fractional surface coverage of silanes [40, 44] . Briefly, two co-emitted secondary ions from an impacted/emitted nanovolume were selected to calculate individual immobilized coverage of thiol silane or acryl silane on the bi-functional surface. A fractional surface coverage of w 69% was obtained for the thiol silane (co-emitted ions SH -and SO 3 -) and w67% for the acryl silane (co-emitted ions: ). This result demonstrates that the equimolar mixture of these two silanes in solution is transferred onto the surface of glass after silanization. Overall, ToF-SIMS analysis points to the assembly of both acrylate-and thiolfunctionalized silanes from solution containing a mixture of the two silanes.
Beyond analysis of silane composition, SIMS was also used to verify the presence of heterobifunctional linker and avidin. Fig. 2C and D show smaller and larger masses observed during SIMS analysis of mixed silane surfaces incubated in MAL-PEG2eNHS ester linker and avidin. Analysis of surfaces treated with linker (top spectra in Fig. 2C,D) ). Surfaces incubated with avidin, showed presence of peaks associated acrylate and thiol groups as well as the linker and avidin (bottom spectra). Negative ions at m/z 91(Phe -) and 107 (Tyr -) were assigned to amino acid residue peaks originating from avidin. In addition, substrates coated with avidin had lower intensities of glass-related masses, suggesting that protein coating was masking the underlying surface during mass spectra collection (Fig. 2C) . Given that the depth of projectile penetration during SIMS analysis is estimated to be 5e10 nm [39] the lack of glass peaks suggests dense avidin layer assembled on the substrate. AFM was used to characterize surface topography of glass substrates modified with mono-and bi-functional silanes before and after deposition of avidin. In these experiments, physical adsorption of avidin on mono-functional silane surfaces was vs. covalent immobilization on a bi-functional (thiol/acrylate) silane layer. The latter surface was first activated with maleimide-PEG-NHS and then incubated with avidin. Fig. 3 (AeB) shows AFM scans before and after avidin deposition onto glass substrates modified with acrylated silane. As can be seen from these images, no appreciable changes were observed in surface topography before and after protein deposition. In contrast, AFM analysis on bifunctional silanes before and after avidin incubation reveals a significant difference in surface topography with appearance of particles w6 nm in size. These particles correlate well to the reported size of avidin [45] . Therefore, AFM study corroborates ToF-SIMS analysis pointing to the presence of avidin on the surface and suggests that more avidin was retained on surfaces by covalent attachment.
Fluorescence characterization of avidin adsorption inside hydrogel microwells
Commercial micro-titer plates are constantly evolving to increase the number of wells and thus improve throughput of the analyses being performed. It may be argued that arrays of microwells with dimensions similar to that of individual cells represent are best suited for high-throughput cell analysis. Therefore, there is considerable interest in microfabricating arrays of wells for cell capture and analysis [46, 47] . The approach our group has employed is to photolithographically pattern PEG hydrogel microwells on glass so that each well consists of nonfouling PEG walls and glass attachment pads (see Fig. 1B ) [20, 32] . In this method, hydrogel attachment to glass is promoted by an acrylated silane coupling agent. However, it is almost always the case that microwells need to be further modified either with adhesive ligands to promote cell attachment or with Abs for immunosensing applications. In such a scenario, biomolecules such as avidin or ECM proteins are physically adsorbed from solution onto acrylated glass attachment pads of microwells. Protein attachment does not occur on non-fouling PEG walls of the microwells. While physical adsorption is sufficient for certain applications (e.g. cell culture), it may not suffice for immunosensing where the density and orientation of Abs are key determinants of sensor response. Therefore, our present study was focused on modifying glass substrates with a mixture of two different silane molecules to both promote gel anchoring and to enable covalent attachment of avidin as well as oriented binding of Abs inside the microwells.
It should be noted, that there are other approaches for covalent attachment of proteins inside hydrogel microwells. For example, Koh and co-workers described a method whereby hydrogel structures are fabricated on amine-functionalized nanoporous substrates [48] . Hydrogel attachment on these substrates occurs based on intercalation of liquid prepolymer into the pores of the substrate prior to photo-crosslinking and does not require a silane coupling layer. While such approach is quite promising, it necessitates the use of specific substrates (e.g. nanoporous alumina), whereas the method described in the present study is compatible with standard glass or plastic surfaces used in tissue culture.
To analyze protein adsorption, hydrogel microwells were fabricated on glass substrates modified with either monofunctional or bi-functional silane layers and were then incubated with fluorescently-labeled streptavidin. Fig. 4(A,B) compares fluorescence in the microwells after incubation with streptavidin-Alexa 546. As seen from the images in Fig. 4A ,B, much higher fluorescence was observed in microwells modified with a bi-functional silane layer compared to mono-functional silane. This suggests that a larger number of avidin molecules were retained inside microwells by covalent binding then by physical adsorption. Quantitative Fig. 7 . Schematic describing cytokine release studies.
Step 1: Macrophages were captured inside microwells pre-coated with anti-TNF-a Abs. Cells were mitogenically activated to induce cytokine production.
Step 2: Binding of secreted TNF-a inside the microwells was determined by sandwich immunoassay. Fluorescence cytokine signal was co-localized with specific cytokine-producing macrophages.
analysis signal intensity (Fig. 4C) shows 6 times higher fluorescence signal emanating from microwells fabricated on mixed silane layer. The data in Fig. 4 are significant as they demonstrate that covalent binding to bi-functional silanes improves loading and retention of protein (streptavidin) within the microwells. It should also be noted that limited non-specific binding of avidin was observed on the hydrogel sidewalls.
Performing cytokine immunoassays in hydrogel microwells
Building on the promising results presented in Fig. 4 , we wanted to determine whether higher loading of streptavidin on mixed silane surfaces would translate into more sensitive cytokine immunoassays. We chose to detect IFN-g, since production of this cytokine is commonly used to determine presence of antigen specific CD4 and CD8 T-cells in infectious diseases such as HIV and tuberculosis [5e9] . To test cytokine sensitivity, arrays of hydrogel microwells containing anti-IFN-g Abs were exposed to IFN-g concentrations varying from 0.5 ng/ml to 10 mg/ml. The presence of cytokine molecules inside the microwells was determined using biotinylated secondary Abs and streptavidin-Alexa 546. Fig. 5(A, B) shows representative images of microwell arrays exposed to varying concentrations of IFN-g. As seen from a calibration plot presented in Fig. 5C fluorescence intensity changed as a function of cytokine concentration with linear range extending up to 6 nM (100 ng/ml). The lower limit of IFN-g detection for these microwells was 60 pM (1 ng/ml). This result represents a w 10 fold improvement over the limit of detection reported in our previous papers employing physical adsorption of Abs [21, 25] . Detection of multiple cytokines from the same cell population is important in immune cell analysis and disease [6, 7] . As a step towards multi-functional cell analysis, we wanted to co-deposit anti-IFN-g and TNF-a Abs in the same microwell arrays and to demonstrate multi-cytokine detection in microwells. In these experiments, microwells were fabricated on glass substrates containing a mixed silane and were modified with neutravidin followed biotinylated anti-IFN-g and anti-TNF-a. Fig. 6 (AeD) presents a series of images from microwells challenged with TNF-a and IFN-g dissolved in 1 Â PBS at 500 ng/mL (30 nM) concentration. As can be seen from these images, microwells respond to both TNF-a (red signal) and IFN-g (green signal) suggesting that two different cytokine types may be detected in the microwell arrays. Fig. 6E compares sensitivity of IFN-g response in microwells coated with only anti-IFN-g to microwells modified with a mixture of anti-IFN-g and -TNFa. This comparison points to decrease of IFN-g signal in microwells containing a mixture of anti-IFN-g/-TNF-a Abs. Such a result is expected, given that the surface density of anti-IFN-g Abs likely 2 times lower in the case when it is co-deposited with anti-TNF-a. Despite some signal loss, the sensitivity of the IFN-g immunoassay remains quite high. We envision immobilizing multiple Ab types in the microwells in the future to enable detection of multiple cytokines secreted by immune cells.
Detecting TNF-a release from single macrophages in hydrogel microwells
Cytokine release from immune cells was investigated as the final step in characterization of micropatterned cytokine-sensing surfaces. Macrophages are an important leukocyte subset responsible for immune surveillance in tissue and organs. These cells robustly secrete inflammatory cytokines such as TNF-a in order to eliminate infections. Cytokine release in macrophages may be induced by stimulation with endotoxins (e.g. LPS) or mitogens. In our experiments (described schematically in Fig. 7) , mouse macrophages were captured in microwells created on either bifunctional or mono-functional silanes. In both cases, microwells were modified with anti-TNF prior to cell seeding. Macrophages became attached inside the microwells e this is expected given that macrophages are known to adhere to Fc domains of Abs [49] .
Individual microwell dimensions of 30 mm diameter were chosen to correspond to the size of single cells. As can be seen from brightfield images in Fig. 8 , each microwell contained one or two macrophages. Cells captured in the microwells were stimulated with PMA (mitogen) for 3 h to induce cytokine production. Experiments were done in Petri dishes without mixing to minimize convection and to ensure that secreted TNF-a is captured in the vicinity of the cell source. Presence of secreted cytokines was determined by incubation of cellular micropatterns with biotinlyated-anti-TNF-a followed by streptavidin-Alexa 546. Fig. 8B ,D show immunofluorescent staining images of macrophages captured on micropatterned glass substrates. As can be seen from these images, detection of cell-secreted TNF-a was much more sensitive in microwells containing covalently immobilized avidinbiotin-anti-TNF-a construct. It should be noted that TNF-a is not only released but is also expressed on cell surfaces. This explains cell-associated fluorescence in both types of microwells tested. Quantifying fluorescence intensity revealed that the signal in microwells with engineered avidin-Ab attachment sites was w3 times higher than in microwells containing physically adsorbed avidin-Ab molecules (see Fig. 8E ) while the intensity of Dapi e fluorescent dye that stains cell nucleus, was comparable in both types of microwells. The results presented in Fig. 8 underscore the utility of designing attachment of recognition molecules inside microwells.
Conclusions
The objective of this study was to design micropatterned surfaces for sensitive cytokine detection. PEG hydrogel photolithography was employed to create hydrogel microwells with nonfouling PEG walls and glass bottom. The question explored in this paper was how to engineer the glass attachment pads inside the microwells so as to increase sensitivity of cytokine immunoassays. Our solution was to move away from physical adsorption and towards covalent/oriented attachment of the sensing elements. For this purpose, glass substrates were functionalized with a binary mixture of acrylate-and thiol-terminated silanes, where acrylate groups served to anchor hydrogel microwells while the thiol groups were used to covalent link avidin in the glass attachment sites inside the microwells. A series of experiments confirmed that considerably higher density of avidin molecules was assembled in acrylate/thiol-modified microwells. This higher avidin concentration likely translated into higher Ab loading and led to a 10 fold increase in sensitivity of IFN-g detection in microwells created on mixed silane-modified glass. Importantly, we also demonstrated w3 times higher signal of cell-secreted TNF-a in microwells engineered for covalent avidin-Ab attachment. These more sensitive microwells will be used in the future for detection of multiple cytokines released by the immune cells. Improved sensitivity will also allow more rapid detection of cytokine release from single cells. The strategy of employing bi-functional silanes in conjunction with hydrogel micropatterning on glass has broad utility for covalent protein attachment and will have applications in cell/tissue engineering and biosensing.
